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t-H , Effects of universal extra dimensions on Standard Model observables first arise at the one- 

■ loop level. The quantization of this class of theories is therefore essential in order to perform 
predictions. A comprehensive study of the SUc(3) x SUl(2) x Uy(1) Standard Model defined 
in a space-time manifold with one universal extra dimension, compactified on the oribifold 
S 1 /Z2, is presented. The fact that the four-dimensional Kaluza-Klein theory is subject to 

■ two types of gauge transformations is stressed and its quantization under the basis of the 
t-H BRST symmetry discussed. A SUc(3) x SUl(2) x UY(l)-covariant gauge-fixing procedure 

for the Kaluza-Klein excitations is introduced. The connection between gauge and mass 
eigenstate fields is established in an exact way. An exhaustive list of the explicit expressions 
for all physical couplings induced by the Yang-Mills, Currents, Higgs, and Yukawa sectors is 
O-i presented. The one-loop renormalizability of the standard Green's functions, which implies 

; that the Standard Model observables do not depend on a cutoff scale, is stressed. 

fi: 

The phenomenological implications of extra dimensions on Standard Model (SM) observables have been 
" the subject of considerable interest in the literature since Antoniadis, Arkani-Hamed, Dimopoulos, and 

£N) . Dvali p] argued that relatively large extra dimensions may be detected at the TeV scale. In most scenarios, 

our observed three-dimensional space is a 3-brane that is embedded in a higher D-dimensional spacetime, 
which is known as the bulk. If the additional dimensions are small enough, the SM gauge and matter fields 
are phenomenologically allowed to propagate in the bulk. Of course, if there are extra dimensions, they 
must be smaller than the smallest scale which has been currently explored by experiments. In this work, 
we will focus on a generalization of the SM to five dimensions in the universal extra dimensional (UED) 
context, and we will assume that the fifth dimension is compactified on the S /Z2 orbifold with radius R. 
As a result of the compactification, each of the fields that propagate in the bulk expands into a series of 
states known as a Kaluza-Klein (KK) tower, with the individual KK excitations being labeled by mode 
numbers and the SM fields corresponding to the zero modes. It is well known that gauge theories in more 
than four dimensions are not renormalizable in the Dyson's sense, so that they must be recognized as 
effective theories that are embedded within some other consistent UV completion, such as string theories. 
The nonrenormalizable nature of higher-dimensional theories arises from the fact that their coupling 
constants are dimensionful. Although at the level of the four-dimensional theory the coupling constants 
are dimensionless and the corresponding Lagrangian does not involve interactions of canonical dimension 
higher than four, the nonrenormalizable character manifests itself through the infinite multiplicity of the 
KK modes. So, the effective theory must be cut off at some scale M s , above which the fundamental theory 
enters. In a recent paper [2], we examined the gauge structure and quantization of the four-dimensional 
KK theory that arises from a five-dimensional pure Yang-Mills theory, after dimensional reduction. In 
particular, we showed that this theory is subject to satisfy two types of gauge transformations, namely, 
the standard gauge transformations, which are obeyed by the zero mode gauge fields A^ a , and another 
sort of local gauge transformations, which we called nonstandard gauge transformations, to which are 
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subject the KK excitations [2J. In that paper, we also showed that the SM, or light, Green's 

functions (Green's functions whose external legs are all zero KK modes or, equivalently, SM fields) are 
renormalizable at the one-loop level. More recently, this fact was proven explicitly through the direct 
integration of the heavy KK excitations [3]. The cutoff insensitivity of light Green's functions at the 
one-loop level, which seems to be exclusive of UED models with one extra dimension, has already been 
pointed out in previous studies on some electroweak observables [H[S] and verified very recently [5] for the 
case of one-loop radiative corrections to the trilinear WWj and WWZ vertices. One peculiarity of UED 
models is that the tree-level couplings among KK excited modes and zero modes involves strictly two or 
more KK excitations. This means that the electroweak observables are insensitive to virtual effects of KK 
excitations at tree level, although they can receive contributions at the one-loop level or higher orders. 
The main goal of this work is to present a comprehensive study of the vertices involved in the theory, 
for we think that this important predictive power of UED theories in five dimensions deserves especial 
attention. This theory would serve as a basis to estimate in an unambiguous way the impact of extra 
dimensions on electroweak observables. We will present a detailed study of the tree-level structure of 
the four-dimensional KK theory. Our results comprise a complete list of the Lagrangians characterizing 
the vertices generated by the compactified theory, including the definition of a gauge fixing procedure 
for both the SGT and the NSGT. 

The rest of the paper has been organized as follows. In Sec. [21 the structure of the five-dimensional 
SM and the compactification of the extra dimension, including a gauge-fixing procedure, are discussed, 
whereas, in Sec. [3l a detailed list of the physical vertices of the theory is presented. In Sec. [4] the 
conclusions are presented. Finally, some technical details are presented in appendices. 



2 The Standard Model in five dimensions 

Consider the SM defined in a five-dimensional flat space-time, in which the fifth coordinate is compactified 
as a circle of radius R. From here on, the standard four-dimensional coordinates will be denoted by x, 
whereas the fifth-dimension coordinate will be represented by y. In the context of UED, one assumes that 
all fields and gauge parameter^ are periodic functions on this coordinate and expands them in Fourier 
series along it. In general, for a given field or gauge parameter, one has: 



<p{x,y) = -/=W 0) (*) + E [p (n)+ (x)co S (^) +^)-(x)sin(^)] , (1) 

v n— 1 

where the zero mode <p(°\x) is identified as the corresponding four dimensional SM field and the tpW^ 
ones are recognized as its KK excitations. Since, in general, not all the zero modes of the Fourier series 
have associated a SM counterpart, as it is the case of, for example, the fifth component of the gauge 
fields, it is desirable to eliminate some of these degrees of freedom by imposing extra symmetries acting 
on the fifth coordinate. One possibility is to demand that the fields of the theory obey some definite 
parity property under the reflection y — > —y. If we impose that the five-dimensional fields are even under 
reflection, only the zero mode and the coefficients appear in the corresponding Fourier series, 

whereas if we require that such fields are odd, only the ip( n >~ components are present in the series. To 
implement this symmetry, one replaces the circle S 1 by the orbifold S jZi in which y is identified with 
—y. In this work, we will use this orbifold construction to eliminate some degrees of freedom. 

As already mentioned, theories in more than four dimensions are not renormalizable in the Dyson's 
sense. Consequently, there is no limit for the number of extra-dimensional gauge invariants that can be 
introduced. In the context of the SM gauge group in five dimensions, [SUc(3) x SUl(2) x Uy(1)]5, the 
effective action can be written as 

S cfi = f d 4 x£ c £ M , (2) 



1 Some phenomenological implications of having gauge parameters confined to the 3-brane are studied in [7] . 



2 



with [l |3] 



Asm — / dy 



2txR 



oo 



^5SM + X] °* 



(3) 

i / - 

In the above expression, Asm is the five-dimensional version of the SM, whose structure in terms of KK 
modes will be discussed with some detail below. The On are operators of canonical dimension N > 5, M s 
is the energy scale above which the new physics first directly manifests itself, and /3 n is a dimensionless 
parameter that depends on the details of the underlying physics. In the above Lagrangian, it is assumed 
that all the independent operators that respect the five-dimensional Lorentz and gauge symmetries are 
included and that each of them is multiplied by an unknown dimensionless parameter /3/v- The canonical 
dimension of each term of the series is appropriately corrected by introducing factors containing powers 
of the dimensionful coupling constants g§ (the rule is to introduce a g$ per each curvature appearing in 
the -invariant) and the M s scale. Operators of higher canonical dimension will be more suppressed 
because they will involve higher powers of the cutoff scale M s . 

We now proceed to discuss the diverse sectors of the five-dimensional generalization of the SM. The 
corresponding four-dimensional Lagragian can be written as follows: 

p2irR 

Asm = / dy (Aym + Ah + Ac + Ay) , (4) 
Jo 

where Aym 5 Ah: Ad an d Ay stand for the five-dimensional Yang-Mills, Higgs, Currents, and Yukawa 
sectors, respectively. 



2.1 The Yang-Mills sector 

We first discuss the Yang-Mills sector of the model. A comprehensive study of the gauge structure of 
the SU(iV) compactificd theory and its quantization was presented in [2], so in the present work we will 
include only those details that are essential for our discussion. This sector is given by 

Aym = fj R dy (-\G a M N {x,y)g™ N {x,y)- \w MN {x,y)W^ N {x,y) 

-\B M N(x,y)B MN (x,yfj , (5) 

where Qmn( x iV)i Wifjvfs,!/), and Bmn{x,v) are the curvatures associated with the five-dimensional 
gauge groups SUc(3), SUl(2), and Uy(l), respectively. As far as discrete indices are concerned, capital 
roman indices will run over the five space-time coordinates, whereas the usual four dimensional Lorentz 
indices will be denoted by fi, v 1 . . .. In addition, the symbols a,b - ■ ■ and i,j ■ ■ •, will be used to denote 
gauge indices associated with the SUc(3) and SUl(2) groups, respectively. We assume that the A®(x, y) 
{A = Q 1 W, B) components of a five-dimensional gauge field A a M {x, y) are even when reflecting y into —y, 
so they are KK-expanded as 

A%{x, y) = -==4°)°(x) + ]T -=A<p»{x) cos (^) . (6) 



As to the fifth component A$(x,y) of A% I {x^y) 1 an odd parity under y — >■ — y is assumed, so its Fourier 
series is 

00 1 

^(x, 2/ ) = ^-i=4" ) ' 1 ( a; )sin(^) . (7) 

n— 1 V 

This parity is required in order to avoid the presence of a zero mode of this component, whose existence 
would be associated with a physical scalar field without a SM counterpart. As emphasized in reference [2J, 
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the preservation of gauge invariance at the level of the four-dimensional theory relies on KK-expanding 
the curvatures instead of the gauge fields inside the integral sign in (JS|). This leads to the Lagrangian 

Aym = -\ (g { °} a g ma ^ + g$ a gW'" tv + 2g$ a g^ a ^ 

£ \ J 

-I + B (n) B (n)^ + 2B^B^ 5 ^ , (8) 

where the KK modes indices are placed between parentheses. As usual, sums over repeated indices, 
including the modes ones, are assumed. The diverse covariant objects appearing in the above Lagrangian 
are given by 

rj£! a = ^° )a + 3 r bc 4" )b 4 n)c , (9) 

■p(n)a _ 2)(0)o6^(n)6 _ -p(0)ab^(n)6 _|_ ^ jabc ^nrs j^(r)b j^(s)c ^ 

^5 )Q = V^ )ab Af )b + ^A^ a + gf abc A' nrs A^ b A ( 5 s)c , (11) 

for the non-Abelian gauge structures (.F^™' = gjn) a , wffl 1 ), whereas for the Abelian group one has 

B$ = 9 M BW-9„BW, (12) 
B { $ = (13) 



where 



= 9,4°» a -^(f) a + S f fc Afif , (14) 
BjS = d»BV>-d u Bf>, (15) 



and 



^nrs _ 1 ^r,n+s _|_ fin,s+r _j_ js,n+rj (16) 

In the above expressions, g represents the dimensionless couplings associated with the non-Abelian SM 
gauge groups and A stands for G or W . In addition, we have employed the following definitions: 

v (0)ab = 5 abQ^_ g jabc A (0)c ^ ( lg ) 
q~){nr)ab _ finrj)(0)ab _ g jabc ^nsr j^(s)c ^ Qg\ 
v (nr)ab = _ J „r ( ja6 " _ g jabc ^nsr A (s)c ^ 

In the context of UED, where the gauge parameters propagate in the fifth dimension, both the zero 
modes A^ a and the KK ones A^ a (A — G, W, B) are gauge fields, whereas the KK modes of the fifth 

component, A§ a ', are pseudo-Goldstone bosons [2]. The zero modes of the gauge parameters define 
the well known infinitesimal standard gauge transformations (SGT), under which the non-Abelian fields 

A^ a transform as gauge fields, whereas the KK excitations A^ a and A^ a transform under the adjoint 
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representation of the group [5] : 

SAf a = V^ ab a^ b , (21) 

SAW" = gf abc A^ )b a {Q)c , (22) 

^4" )a = gf abc A^ )b a^ c . (23) 



The analogous infinitesimal SGT for the Abelian case are given by 

SB® = d^a®, (24) 

SB™ = 0, (25) 

SB { 5 n} = 0. (26) 

On the other hand, the KK modes of the gauge parameters, a*™) , define local non-standard gauge 
transformations (NSGT) [2]. Under this sort of infinitesimal gauge transformations, the excited KK 
modes A^ transform as gauge fields [2], whereas the zero modes and pseudo-Goldstone bosons obey 
unusual laws of transformation: 

SA^ )a = gf abc A^ ]b a {n)c , (27) 

5A (n)a = v {nr)ab a (r)b > ^gj 

8A^ )a = V { 5 nr)ab a^ b . (29) 



The analogous NSGT for the Abelian case are 

SB™ = 0, (30) 

SB™ = d^a {n) , (31) 

5B P = (32) 



Notice that, in the Abelian case, the laws of transformation of both B^ and Bj^ 1 ' have the same form. 
Also, notice that the B^ scalars transform trivially under the SGT but not under the NSGT, which 
is consistent with the fact that the latter type of gauge transformations is broken by compactification, 
which in turn implies that these fields are pseudo-Goldstone bosons. In fact, these scalar fields can 
be eliminated of the theory through a particular infinitesimal gauge transformation. Consider a NSGT 
with infinitesimal gauge parameters given by a^ a = (R/n)A^ a (for the non-Abelian gauge groups) 
and = (R/n)B^ (for the Abelian group). Then, from Eqs. (|2"9"|) and (|3"2"|) . we can see that 

^(n)a _^ A§ _ g a ^ g(n) _^ £^( n ) _ q j n ^ n j s gauge, the terms that involve these scalar fields take 
the form 

^5 a ^ ,¥ = iQ) 2 4">^(»)^, (33) 



2 ^ 5 5 2 \Rj 

It is not difficult to prove that the £4ym Lagrangian is separately invariant under both the SGT and the 
NSGT. The quantization of this theory was discussed in [2]. 

2.2 The Higgs sector 

The Higgs sector is constituted by the kinetic term and the potential: 

£h= F dy [(D M $y(x,y)(D M $)(x,y)-V(&,$)] , (35) 
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where an even parity is assumed for the five dimensional Higgs doublet, so that its corresponding KK 
expansion is: 

oo 

^^^^W + ^^WWcos ff) . (36) 

After expanding the covariant objects (D^) and (Z?5$) in KK towers, and integrating out the fifth 
dimension, the kinetic term can be written as: 

r 2-!rR 



Ahk = I* dy{D M <S>) ] {x,y){D M <S>){x,y) 
Jo 



= {D^)^(x)(D"^°\x) + {D^) (n) Hx){D fl ^ n \x) 

+{D 5 $)W{x)(D 5 <S>)W{x), (37) 

where, as before, any pair of repeated indices, including the modes ones, indicate a sum. The four 
dimensional covariant objects (Z? AI $)(°), (D^)^ and (D5$)^ m \ appearing in the above expression, are 
given by 

- [igtLwW + ig'^B^ *W , (38) 



(r>„*)(°) 

(£> 5 $)(«) = D^$W-r* 5 ^W-i n)< + i^BW)*(°), (40) 



(£>„*)<"> = - ( ig^-W™ + ig'^BW) *<°> , (39) 



where 



d(») 






- ig'jB^ , 




j-)(nr) 




\risr 








R 









(41) 
(42) 

(43) 

Under the electroweak group, $^°- ) and transform as: 

= _ ( ig^. a Wi + ig'^A - f + ig'^A *W , (44) 



= - ^ya(°>' + V^a^) ~ (*ffya W< + «5'|« (r) ) (> r $ (0) + A" sr $( s )) . (45) 

The infinitesimal SGT are obtained by taking a {n)i = = in Eqs.(|44|) and ([15]). while the NSGT are 
derived when a;( ) 1 = = in such expressions. It is assumed that $^ ^ develops a vacuum expectation 
value (VEV), but the excited KK doublets do not. 
On the other hand, the Higgs potential is given by 

V 4 = F* dy L 2 (&(x,y)$(x,y)) + \ 5 (x,y)$(x,y)) 2 } . (46) 
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Since the the Higgs doublet has canonical dimension 3/2, \i and A5 have units of mass and inverse of 
mass, respectively. Once integrated out the fifth dimension, one obtains 

V A = ii 2 ($(°)t$(°)) + A (V°)t$(°)) 2 + [ M 2 + 2A (*(°)t$(°Al ($(«)t$(«)) 

+A ^$(°)t$(«) + $(»)t$(0)^ ^$(0)t$(n) + $(«)t$(0)^ 

+2AA np<^ r$(°)t$( n ) + $(™)t$(o)^ ^$(p)t$(9)^j + x^pqr ^$(«)t$(p)^ ^$(9)t<j,M^ j (47) 
with A = (A 5 /27ri?) and 

^npqr _ _j_ ^n,p+<j+r _j_ ^p,n+q+r _j_ jq,n+p+r _|_ jr,n+p+q _j_ ^n+p.q+r _j_ jn+q,p+r _|_ ^n+r.p+g) (48) 

When the $' - ) Higgs doublet develops the vacuum expectation value $q = (0, v/y/2), the KK zero modes 
of the theory acquire masses as it occurs in the SM, while the masses of the excited ones receive corrections 
at this scale. The details of this are presented in |Appendix A| 

2.3 A covariant gauge— fixing procedure 

Now we turn to introduce a gauge-fixing procedure of renormalizable type. As it has been emphasized 
through the paper, the theory is invariant under two sets of infinitesimal gauge transformations [2]: 
the SGT and the NSGT. Consequently, two gauge-fixing procedures must be introduced in order to 
define propagators for the zero KK gauge modes, and the excited ones, (A = G, W, B). Due 

to the fact that the SGT are defined by the zero modes of the gauge parameters, whereas the NSGT 
depend exclusively on the excited ones, it is possible to introduce independent methods to remove the 
degeneration of the theory with respect to each of these sets of transformations In the context of 
the SM, besides defining the gauge propagators, the i?^-gauges allow us to remove some bilinear terms 
of the Lagrangian that involve gauge and pseudo-Goldstonc bosons, which arise as a consequence of a 
spontaneous symmetry breaking implemented in the theory. In our case, these types of terms arise from 
the Higgs mechanism and also from the compactification of the fifth dimension [2] . 

Since the excited KK Higgs doublets $W do not develop a VEV, the Higgs mechanism is implemented 
in the standard way, via a VEV of the KK zero-mode doublet In this case, the bilinear terms 

involving electroweak gauge bosons and their pseudo-Goldstone bosons are induced by the Higgs kinetic 
term 

( jD (0)$(0) ) t( jD (0)M$(0) ) = (1^(0) ^ (dW^W) +H.C. + -.. , (49) 

where 3>q = (0,i>/\/2) and = $^ - 1 — ^o ^- Diverse gauge-fixing procedures that remove the 
degeneration with respect to the SGT transformations and eliminate this bilinear term are well known 
in the literature. Here, we limit our discussion to a gauge-fixing procedure that is covariant under the 
electromagnetic gauge group and considerably simplifies the calculations of loop amplitudes [5] . Under 
such circumstances, the fixation of the gauge for the SGT is determined by the following gauge-fixing 
functions: 



SU C (3) 
SU L (2) 



f (0)a = d ti G {0)atl , (50) 



-$( 0)t (a* + ie ij3 a j ) S<°> + ie« 8 $<°V#H , 



(51) 
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• Uy(l) 

f (o) = d ^ B (o), + M ^(o )t$ (o) _ $ (o) $ (o)) _ (52) 

It is not difficult to convince ourselves that this gauge-fixing procedure for the electroweak sector allows 
us to define the W propagator in a covariant way under the U e (l) group. 

On the other hand, the compactification of the fifth dimension produces bilinear terms that involve 
gauge fields A^ and scalar fields (A — G, W,B). These terms arise from 

- \ (G ( ; i 5 )a G {n)a ^ + W^W {n)Hlb + B^B^ 5 ) . (53) 

In addition, the Higgs mechanism induces bilinear terms among the charged component and the 

imaginary component (j>^ of the scalar doublet <$>( n ^ with the scalar fields W 5 ^ n ' )± and W^ 3 , respectively. 
These terms arise specifically from 

(D 6 $)Wt(U 8 $)W. (54) 

In Ref. [2], we showed how to eliminate the bilinear terms appearing in Eq. (|53p through a gauge-fixing 
procedure for the NSGT that is covariant under the SGT. Here, we generalize this method to cancel the 
bilinear terms of expression (|54p as well. To this end, we introduce the following gauge-fixing procedure 
for the NSGT: 



SU C (3) 
SU L (2) 

Uy(l) 



f (n)a = v (0)ab G (n)b^ _ £ ^ G (n)« _ (55) 
f{n)i = V (m W (n) m _ £ ^ W (n)i + ^(n)t^$(0) _ $ (0)t^ $ (n)A _ ( 56 ) 
fin) = dttB <.n)n _ £ ^ B {n) + ^ ^(n)t^ $ (0) _ $(0)t^$(n)^ _ (57) 

This gauge-fixing procedure for the the NSGT is covariant under the SGT. In fact, the gauge-fixing 
functions /(™) a and transform under the adjoint representation of SUc(3) and SUl(2), respectively, 
whereas is invariant under Uy(l). 

The quantum theory of gauge systems is governed by the BRST symmetry [9] , which, at the classical 
level, emerges naturally in the context of the field-antifield formalism [TD]. The extended action in five 
dimensions can be written as follows [2]: 

S = f d*x ■( dy[c 5SM + J2 Ui Ia V abM C b + ^g 5 f abc C*C b C a +C* a B a 



A=g,w 

+ B* M d M C + C*b\ , (58) 

where the asterisk denotes antifields, whereas the C fields stand for the Faddeev-Popov ghosts. Ad- 
ditionally, the C and B fields are known as trivial pairs, with the former representing the well known 
Faddeev-Popov antighosts and the latter incarnating the so-called auxiliary fields. As we will see later, 
the presence of such objects is needed to remove the degeneration associated to gauge symmetry. In the 
above expression, the last two terms correspond to the Abelian group. It is important to note that we 
have included the antifields for the Higgs doublet, which are needed in theories with spontaneous symme- 
try breaking in order to introduce a gauge-fixing procedure that allows us to generate unphysical masses 
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m 
~R. 



where 



for pseudo-Goldstone bosons and ghosts. Within this formalism, the compactihed extended action [2], 
which is a functional of fields and antifields, is given by 

S = [d i x{c 4SM + [a^V^^C^ + lgf- b -C^*C^ b C^ a + C ( -°> a B^ 

J A=G,W 

j^(rn)* <j-^(riin)ab[i, £j{n)b ^(,' m )*'j-)(mn)ab£j(n)b _|_ ^_ ^ jabc^jif))* ^j{m)b ^jirn)a 

£&bc £t(m)* ( £t(Q)b £j(m)a ^_ ^j(0)a ^j{ra)b ^mrn ^j{r)b ^j(n)a\ ^_ ^j{m)*a j^(m) 

2 \ / a . 

+$(°)*<5$( ) +$( m )*^$( m ) + B (oS) *d^C m +(7( )*i?( ) + ij( m )*a^(7(m) 

B (m) c ( m ) + Q{m)* B {m) j ^ ^ 59 ) 

5 $(o) = i5 ^$(o) c (o)i + ^ | $ (o )(7 (o) ; (60) 

<5$( m ) = ig— + (j>(™)(7(0)i _|_ &mrsQ{r)(j{s)i^ 

+ig'j (V 0) C* (m) + $( m )c (0) + A m "$ (r) C (s) ) . (61) 

The above action still possesses gauge invariance, so that a gauge-fixing procedure must be introduced 
to lift such degeneration. On the other hand, the antifields do not represent true degrees of freedom, for 
which they must be removed of the theory before quantizing it. The gauge-fixing procedure is determined 
through a criterion that permits us to remove the antifields of the theory in a nontrivial way (they cannot 
be just set to zero). The criterion that allows one to eliminate the antifields and, at the same time, to 
lift the degeneration consists in the following: one introduces a fermionic functional of the fields, ^[$], 
with ghost number -1 and such that, for a given antificld it satisfies 

= m ■ (62) 

Notice that the presence of the trivial pairs, C a and B a , is necessary since the only fields with ghost 
number —1 are precisely the antighosts. To lift the degeneration with respect to the SGT, we introduce 
the following fermionic functional 

+c m f f w + ism + ge ijk C {o) jc m\ + c(o) ^ f (o) + l B (o)\ ] _ (63) 

On the other hand, we can to lift the degeneration associated with the NSGT through the fermionic 
functional 

_|_£>(m)i f j(m)i _|_ £ B (m)i _|_ g e ijk £mrnQ(r)j (j(n)k\ _|_ (j{m) ( j(m) _|_ £ _ (g4) 

Once removed the antifields, via Eq. (|62j) . and eliminated the auxiliary fields, by using the equations of 
motion, one obtains the gauge-fixed BRST action 



Sty = d x 



£-4SM + £gf + £fpg 



(65) 
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where £qf is the gauge-fixing term, given by 

CGF = -h E (/^v (0)a +/ (m) v (ro)a )-^(/ (0 V (0) +/ (m) / (ro) ) , 



A=G,W 

and £fpg is the Faddeev-Popov ghost Lagrangian, which can be decomposed into two parts as 

^FPG = £fpg + ^FPG > 

where £ FPG contains the interactions between gauge and ghost fields: 



(66) 



(67) 



FPG 



£)(0)a6p£((0)6 _ ^5 rabc r(a)a^j(a)b ( j(0) 

- — <- dA (0)a £ 



A=G,W 

+C ir 



fi £(m)c n r(m)c \ o ~ 

J -p(nr)abu _ U J jy(nr)ab I ^j( r )b _ rabc^mrn r(m)a^(r)b^j(n) 

(n)o a^4 (n)a 5 / ? 



<9A 



(0) 



9$ 



(m) 



+ c (n) 



n) d.f {r 



(m) 



(5$ 



(m) 



I q(0) ^/ (0) ffl"(? (0) + ff(m) ^/ (to) ffl^r. 



as 



(0)' 



(») 



(68) 



On the other hand, £ FPG contains only quartic interactions among ghost fields, 



r 2 

•'-FPG 



9 jabc jcde 



|(5(0)d(7(0)e " ^ _ ^(0)6^(0)0 + ^Ma^Mbj 



A=G,W 



j r fcmpq(j(p)d(j(q)e ^p(Q)b (j(m)a + ^(0)a^(m)6 _|_ ^mrn (j(r)b (j(n)a^ j _ 



(69) 



2.4 The Currents and Yukawa sectors 



In five dimensions, the Dirac fields are still objects with four components, as in the four-dimensional 
case. This is due to the fact that the standard Dirac matrices T M = 7^, 175 satisfy the Clifford algebra 



[r M , r 



ah 



25 



(70) 



where [,]+ stands for the anticommutator and g MN = (+ — — — —) is the five-dimensional metric 
tensor. However, there is no chirality in five dimensions. The reason is that it is impossible to construct a 
nilpotent T 5 matrix that, in addition, anticommute with all the T M . So, in five dimensions, no interactions 
of the gauge bosons associated with the SU(2) gauge group distinguishing chirality can be constructed. 
Fortunately, the y — > — y parity operation can be used to reproduce the left-handed doublets and right - 
handed singlets of SUl(2) at the four-dimensional level. Under this symmetry operation, the five- 
dimensional Dirac fields transform as ip — > j5tp(x,—y). Taking into account this and the fact that in 
four dimensions right-handed fermions appear only as SUL(2)-singlets, whereas left-handed fermions are 
present only as SUL(2)-doublets, we demand that the corresponding five-dimensional representations of 
this group, f(x,y) and F(x,y), are, respectively, even and odd under this transformation. Accordingly, 
one can write 



f(x,y) 
F(x,y) 



1 



+ E 7^ [WW «» (f ) + - (f ) 



1 



71=1 



'■kR 



CO -. 

^ 0) (*) + E 77^ [*i B, (*) - (f ) + 4 B, (») *n (f ) 



n=l 



(71) 
(72) 
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The zero mode f^°\x) represents one of the SM right-handed SUL(2)-singlets: a charged lepton e^°\x), 
a quark of type up (x) or a quark of type down (x). In addition, the zero mode (x) stands for a 
SM left-handed lepton doublet L^(x) or a quark doublet Q^(x). The KK modes f ( L n) (/j^ ) stand for 

left-handed (right-handed) SUL(2)-singlets, whereas (Fr^ represents left-handed (right-handed) 
SUL(2)-doublets. Let us establish our notation as follows: 



F 



(0) 





, F^ = 




, 4"° = 


( / $ \ 








{ ffl j 




v ran j 




V /$ J 



(73) 



where the subscript u denotes a neutrino or quark of type up, while d stands for charged leptons or quarks 



of type down. As we will see below, after compactification, the SM fermions are given by /W) = -\-f(?*> 

A n ) i z?(") 



On the other hand, the excited KK modes define massive states of type left, F£ l) + F^' , and right, 
/£ + /r • ^ 1S an interesting feature of theories formulated in compactified extra dimensions that 
the mass terms corresponding to the excited KK modes are invariant under the four-dimensional gauge 
group. 

The Currents sector is given by the Lagrangian 



-4C 



/ I Y, iL(x,y)T M D M L(x,y)+ ^ ie(x,y)T M D M e(x,y) 

L U L 2 ,L 3 e,n, T 

+ ^0, y)T M D M Q{x, y) + Y ^( x > v)T M D M u{x, y) 

Qi,Qi,Q3 u,c,t 

+ J2 *<*fo y)T M D M d{x, y) 

d.s.b 



(74) 



where 



D 



X a er* Y 

d M - ig S 5 y&m - ^y^M - w'b~2 BM ' 



(75) 



with A° representing the Gell-Man matrices. After expanding in Fourier series and integrating out the y 
coordinate, the Currents sector can be written as follows: 



^4C — 



E 



iif V (£> M F)<°> + iF^r(D,F)^ + iF^r{D,F)^ 



-Fj?\D s F)W-Fj?\D s Fp 



E 

e,fi,r,d,s,b,u,c,t 



>L ~T F R ( D 5 F )r 



(n) 
L 



The diverse covariant objects appearing in this expression are listed in | Appendix B| 
The five-dimensional Yukawa sector is given by 



C4Y — 



271-7? 



dy 



Y A 5e L(x, y)e(x, y)$(x, y) + H. c. 

,milies 

Y X 5d Q(x, y)d(x, y)$(x, y) + H. c. 



famili< 



(76) 
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+ ^uQ(x,y)u(x,y)^(x,y) + H. c.J , (77) 

families 



where <&(x, y) 

— C^Y = 



io 2 <&*(x, y). Integrating out the y coordinate, one obtains 



E - 

families 



+ (A""Z^ n) 4 r) + A'^Z^e^) 



E ^ 



families 



)(0) d (0) $(0 ) 



(< 



$(0) 



( 



A nr S g(«)^M 



H.c. 



H.c. 



■Qi n) d (0) 



^ $(") 



familit 



( 



A nrs Q 



H.c. 



(78) 



where Xi = X^i/yJznR. 

The Currents sector generates masses proportional to n/R for the excited fermion KK modes, whereas 
in the Yukawa sector the Higgs mechanism endows the zero modes with mass at the same time that induces 
corrections to the gauge masses of the excited KK states. The term of the Yukawa sector involving only 
zero modes is diagonalized in the standard way, i.e., the flavor space vectors (neutrinos), E^ R 

(charged leptons), U£° R (quarks of up type), and Df R (quarks of down type) are transformed into mass 
eigenstates via the unitary matrices V£, V£ R , V£ R , and V£ R , respectively. As far as the KK excitations 
are concerned, we demand that the corresponding KK vectors Nj? R , E^/ R , f/f™ ]j, and D^ R transform 



through V£, V£, V£, and Vjj, respectively. On the other hand, in the case of the E£^ R , U£^ R , and D y £ l> R 
partners, we impose the condition that they transform via the matrices V£, V R , and V R . With this 
choice no new sources of family flavor changing are present. A complete analysis of this is presented in 
|Appcndix C 



s(") 



3 The vertices of theory 

One important feature of UED models is the conservation of the momentum in the extra dimensions. As a 
consequence, at tree level one can only couple two or more KK excitations to a zero-mode field (SM field). 
This means that electroweak observables are not sensitive to virtual effects of KK excitations at tree level, 
but only at the one-loop level or higher orders. This is the reason why experimental constraints on UED 
models are quite weak [5]. Although the one-loop effects of KK excitations on SM Green's functions 
(light Green's functions) are determined by trilinear and quartic couplings of the way ip^ ip^ and 
pi ) <p(°) (p( n ) (p( n ) : the purpose of this section is to present a complete list of all the physical vertices of 
the theory. 



3.1 Scalar selfcouplings 

Couplings among scalars only can arise from the Higgs potential. The only SM Higgs field is the Higgs 
boson at '. The rest of the physical scalars (see |Appcndix A| arc just KK excitations, namely, the 
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charged scalars H^ n '^, the KK excitations of H^°\ denoted by H^ n \ and the neutral CP-odd scalars 
A ( n ) , The scalar vertices that can contribute to SM Green's functions at the one-loop level are given by 
the Lagrangian 



£ 1 = _9m m < !LH(0) j ^(0)^(0) + - H (n) H (n) + 2c 2 i j(n)- jff (n)+ + ^ A (n) A ( 



n) 



.i%iff(o)ff(o) 



#(0)#(0) (h(0) H (0) + ZffWffin) + 4^ Jj(n) - H (n)+ + 2c jA^ A^A , (79) 



where the SM couplings were included. Although the rest of the couplings among scalars do not contribute 
to the SM Green's functions at the one-loop level, they can do it at higher orders or impact nonstandard 
observables through 



C 2 



\2m w(0) 4m^ (0) 



ff(0) ] /\ nrs jj( n ) 



(80) 



r 3 



52 nrtri 2 
a npqr 

8td 2 



c 2 aH (n)- H (p)+ + 1 (ff(n) H (p) + c 2 A (n) A (p)^ 



(81) 



It is important to keep in mind our convention of sum over repeated KK indices, which run from 1 to 
infinity. This notation will be systematically used through the paper. 



3.2 Scalar— gauge boson couplings 

The couplings among physical scalars (H^°\ H^ 1 ^, H^ n \ A^) and gauge bosons arise from the kinetic 



The last is due to the 



term of the Higgs sector and also from the Yang-Mills term |W^5 VV 
fact that and W [ b n)± mix to produce the mass eigenstate H 1 ^ 1 ^ and the pseudo-Goldstone boson 

(see | Appendix A[ ). Similarly, the <pj — W^ 3 mixing leads to the physical CP-odd mass-eigenstate 
scalar A^ and to the pseudo-Goldstone boson G Z ( n ). The Lagrangian of this sector can conveniently 
be reorganized as follows: 



C 



Kinetic 



(£> M $) (n)t (D"$) w + (D 5 $)W T (£) $) 



i n )Ur) 5 s>\( n ) 



1. 



(n)3iA)(«)3/i 



i 



(") d(")j« 



5 ) 



where 



with 



1 (wjT )+ v + + W^-a~) 



V2 

+^Z^(a 3 -2s 2 w Q)+s w A^Q, m = 0, 1, 



(82) 

(83) 
(84) 



(85) 
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o 



(m) 



1 

71 



(s a H^+ + c Q G+ (m) ) a+ + (s a H^- - c a G" (m) ) cr" 



+ 



2cw ^ 



c /3 



G z(m) ) (ct 3 - 2s^Q) + s w G A{m) Q, m = 1, 2, • 



(86) 



In the above expressions, cr ± = ^(cr 1 ± ia 1 ) and Q = ^- + -j- Also, it should be noticed that 0( m ) 5 
_Qv n ) _ Q n ^he ^ ner hand, the Yang-Mills tensor structures appearing in Eq. (|82|) are given by 



W 



T - ^^ )+ -- q (<^ ( " )+ )+^(< ) g+ ( „ ) ) 



-gcw 



c a G 



W(») 



-i 5 A'" rs { 
-i (cw4 r) + 



cw (-s^A^ + c^G^wj + s w G A M 
s i? (s)+ - c G+ H 



(87) 



(n)3 
/.;5 



n 
R 



swd^G A ( 



-.9 



5o (^1 



+ <»-ff' s » + ) - Cq (w«+g- w + ^>-g; ( . 



(n) 



(cw4" } - + s w («^,A W - c^G^,) + cwd M G A( , 



(89) 



n 

In the above expressions, G w m, G Z ( n ), and G^(») are the pseudo Goldstone bosons associated with the 
IfW, Z", and KK gauge bosons, respectively (see | Appendix A| for their definition through the a 
and /3 angles). 

Many physical couplings are induced by the Lagrangian (|82p. but not all contribute at the one-loop 
level to SM observables. In particular, those terms that are proportional to the factors A nrs or A' nrs 
first contribute to SM observables at the two-loop level, although they generate contributions to non-SM 
observables still at the tree level. Such interactions involve only one SM field or no SM fields. Here, we 
derive explicit expressions for the pieces of CKinetic that generate the most important effects of the fifth 
dimension on SM Green's functions, which first occur at the one-loop level. 

The couplings of the Higgs boson to pairs of KK excitations are given by 



C 



ff(°)(KK 



)(KK) = gm wm HM (W^-W^ + W^-W^) 

I 9 m Z(Q) H (o) ( z (0) Z (0)u , z (n) Z {n)A 
2c w V " " J 

H (0) (w( n) -d>*H in)+ - wl n)+ d^H {n] - 



igc 



d ! 3 z (n) (a^B^H^ - H^d^A*- 11 
2c w M V 



(90) 



Notice that the standard couplings involving only zero modes have also been included. On the other 
hand, the electroweak gauge bosons couple to pairs of KK excitations as follows: 



C 



W<°)(KK)(KK) 
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+ | (2c w s a s p + c aCsi ) [A< n > (w^+d^H^- + W^-d^H^+^j 
2 1 V ^ p / 



+gc a 



rA (n) I 1 + 2s W 



m W {o)S W A^ ' - m Z ( ) 



Z (n) 



(91) 



'Z(»)(KK)(KK) 



C 



A(«)(KK)(KK) 



-igc w [ 1 - -\ J 4 0) (# (n)+ 0"£T (n) ~ - H^-d^H^A 

+ 5££_ z (0) ( A (n)QH H {n) _ H {n)QH A {n)\ , ff^ZC) ^(0) Z (n) Mg ( 



n) 



(92) 
(93) 



The couplings of two Higgs bosons with pairs of KK excitations are given by 



£jf(°)jf(°)(KK)(KK) 



+ 



— H W H (0) (z {a) Z {a) >* + Z {n) Z {n)tl ) . 
Sew v ^ ^ / 



(94) 



There are also couplings involving a Higgs boson and an electroweak gauge boson with pairs of KK 
excitations: 

„2 r / 2 



^fl(«)y(»)(KK)(KK) — 



2c a (s w AW» - ^fZ^ + 



(95) 



Finally, the couplings of two gauge bosons with pairs of KK excitations are given by 
AyWo> ( KK)(KK) = ^{W^-W^[2(1 + 3 1)H^-H^ 

+H (n) H (n) + ( c 2 + A (n) A (n) 

+2s 2 a (w^+W^+^H^-H^- + W^-W^-^H^+H^ } , (96) 



£z(0)Z(°>(KK)(KK) 



g 2 Z (0) z (0)» 



+ _L ( H {n) H {n) + c 2 ■■ A (n) A (n)\ 

4c^ V p ) 



(97) 
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-yl(0)A< )(KK)(KK) 



-V(°>W(°)(KK)(KK) 



— cnr. ( i C2W/ S\ 4(0) 7(0)p ir(n)- rr(n) + 
(KK)(KK) - egC W I 2s a + -5— c q A p Z 

\ C IV / 

^(0)M 



(98) 
(99) 



2cw 



' 11' 



2cw 



^(0)+_H-(n)- 



-#(")+ 



(100) 



3.3 Trilinear and quartic gauge boson couplings 



We now turn to present the couplings among the SM gauge bosons and their KK excitations. These 
couplings are produced by the Yang-Mills sector and can be modified in a nontrivial way if a nonlinear 
gauge-fixing procedure, as the one discussed above, is introduced. We present the interactions that arise 
from the electroweak theory, which have been partially discussed in Ref. 6 , in the context of a nonlinear 
gauge. We start by displaying those couplings that contribute to SM Green's functions at the one-loop 
level. In each case, the SM couplings will be included for comparison purposes. The trilinear vertices can 
be written as follows: 



C 



(w$ + w<®-' - W$~W^ +V ) 



.^(0)3^(01-^(0)+^ 



/*SGT 
*-GF-l 



+W < -°J 3 W {n) ~ ,i W ( ' n)+ ' y + £NSGT 



-GF-1 



(101) 



where the gauge-dependent terms £qf-i and ^CqI^ are present only if a nonlinear gauge-fixing pro- 
cedure for removing the degeneration associated with the SGT [8] and the NSGT [SJ [6] has been in- 
troduced. Such terms do not exist in the unitary or linear i?^-gauge. In this expression, W^°' n ^ 3 = 



(0,n)± 



d v WH 



(0 ' n)± , and W$ n)3 



(0,n)3 



d v W. 



(0,n)3 



It is 



important to notice that the Lorentz structure of the vertex W^ n ^W^ + W^ 3 coincides exactly with 
that of W^~W^ + W^ 3 , which is the SM vertex. On the other hand, there are also vertices containing 
only one SM W 1 ^^ field, and they are given by the following Lagrangian: 



C 



( 



y\r(n) + y^(n)-iv j^(n)3^(n)+r/ j ^y(0)-n 



_ w (0J- w (n^ w (n) + u + C NSGT 



(102) 



We can write the quartic vertices as 

£w(°) 3 W(°) 3 W( n )-W( n "> + = 



2 



(w( n )+ u \y( a )?>v _ pfr(")+/*^(o)3w 



( 



/•SGT 
*-GF-3 



/-NSGT 
^GF-S 



(103) 
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Once again, notice that the W^ 3 W^ 3 W^~W^+ and W { ^ 3 W^ 3 W^~ vertices have the same 
Lorentz structure. The above couplings involve only SM neutral gauge fields. The quartic vertices 
involving the SM charged fields are given by 



/-NSGT 
• i -GF-4 



(104) 



x (wW-vw^v - W^'^W^ 3 ^ + 
There are also couplings involving simultaneously one neutral and one charged SM field: 

+H.c. + £g|G|] . (105) 

An odd number of KK excitations can appear in combination with the A nrs symbol. Such combinations 
lead to the following couplings involving only one SM field: 

C wmwMwWwM = g 2 A nrs \(w^ + W^~-W^ + W^ 



(0) + W (n)- 

+w (0)_ vy (n)3 - v^ (0)_ w (n)3 ) w^+^w^ 3 " + h. 



(106) 



These couplings are not modified by covariant nonlinear gauge-fixing procedures as the one discussed 
above. These vertices only can contribute to SM Green's functions at two-loop or higher orders. There are 
no more couplings among electroweak gauge fields and their KK excitations. Although pure KK couplings 
first contribute to SM observables at the two-loop level, they can contribute to nonstandard observables 
since lower levels. The corresponding trilinear and quartic vertices are given by the Lagrangian 



^KK— gauge 



2 v 4 l lv 



' 2 



W, 



(w {n) 



W 



where 



¥y [lis 



wt )3 



_l_2]^/( m )+i^( m ) 3 ( \y( n )-^w < - n ^ 31 ' — w^~ v W^ 3tl 
- W$ 3 + igA nrs (wp-Wl a)+ - Wj r)+ WW 



(107) 

(108) 
(109) 



These trilinear and quartic vertices are not affected by the gauge fixing-procedure given above. 

The couplings among gluons and their KK excitations have been discussed in Ref. [2 , within the 
context of the nonlinear gauge-fixing procedure presented above. 
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3.4 Scalar— fermion couplings 

The couplings of scalars with pairs of leptons or quarks arise from the Yukawa sector. To simplify the 

notation, we will use /(°), fi n) and fi n) instead of /'(°>, fi n) and /£ n) for denoting the mass eigenstates 
fields (see |Appcndix C[ ). For comparison purposes, in each case the SM vertex will be included, if present. 
The couplings of the Higgs boson iP ' to pairs of fermions are given by the Lagrangian 



2m 



{/i 0) /i 0) + [sina^ (#»>/<»> + /W/>>) 



- cos a 



" } (/i n Wi n) -/l*Wi n) )]}> 



(110) 



where / a stands for a charged lepton or quark and the angle is defined in Appendix C Notice the 



presence of flavor violating couplings. Other interactions of the type tp(°> <p( n > ip( n > are 



-J(O) f{n) H (n) 



9 m fi 0) i(0) 

J a 



2m 



f (") (") \ 

sin-^P^ + cos-^Pi ) /W 



' a [n) a {n) \ 

cos-^P fl + sin-^P L /(») 



P> } +H.c. 



(Ill) 



C 



/(0) /(njylfr,) 



igfTlAo) Cj3 



2m 



» 



fi 0) 



' a {n) a {n) \ 

Bin-^-PH-COB-^-Pij/W 



(n) 

2 



+ H. c. 



(112) 



Regarding charged currents mediated by the H^^ 1 excitations, the lepton sector is flavor-family conserv- 
ing, which is a consequence of the freedom to choice the unitary transformation (|220j) . The corresponding 
Lagrangian is given by 



C 



ueH+ 



gm e (o)C a 
m W ( ) 



(4°) 4") + 4°)) + H. C 



(113) 



families 



In contrast, there is no way to avoid the presence of flavor violation in the quark sector. In this case, the 
Lagrangian characterizing the vertices of the way q(°) q( n ) H( n ') ± is given by 



gc 



\[2m W {Q) 



■H 



( («) (") 

mPnVf sin ^|_£)W + cos ^|-£>(«) 



' («) 
cos^-t/C' 



(n) 



5Co 



V2to 



-H 



(n)- 



2 



(7' ' I P^j ^ 



H.c. 



[/(«)+ cos 2lf_^(«) 



(n) 



DW + sin^-D vv P fl ^°)t[/W 



2 

H.c. 



where 



= KMf\ 

vS 0) = Mi ' 



(114) 



(115) 
(116) 
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with K = V^Vf} being the Cabibbo-Kobayashi-Maskawa matrix and (M^) is the diagonal mass 
matrix of the SM quarks of type up (down). 

The Yukawa sector also induces vertices involving only KK excitations. We first exhibit the charged 
currents mediated by the H^ 1 ^ scalars. In the lepton sector, these currents are given by 



1~ H U) + N (n) E M - -—7= H 

V2m W ( ) 

Jr) 



(r) 

sin 2L-nW m (o) (A nrs P R + A' nrs P L ) E^ 



+ cos -^-N^M^ {A nrs P R - A' nrs P L ) E^ 



+ H.c.. 



(117) 



where M e is the diagonal mass matrix of the SM charged leptons. On the other hand, in the quark 
sector such currents can be written as follows: 

(r) (n) 

C HW±uMDlr) = J Ca g (s)+ sin cos gt-fr("Vj°> (A nrs P R + A' nr 'P L ) 
y2m W (o) i 2 Z 

(r) (n) _, } 

+ sin ^- cos -!L-U yj 0) (A nrs P R + A' nrs P L ) 



(r) (n) 

'■<« '\- cos ^-£/ (n Vj 0) (A nrs P R - A' 



■ nrs p L ) b ir) 



M (n) _, n) 

+ sin ^- sin ^-?7 F d (0) (A" rs P K - A' nr "P L ) D< r > + H. c. 



+ ESL H (s)- 

V2m W (o) 



,(r) 



sin — — cos 



(n) _ 

3 _J_ D (n)y(0) (A nrs P R + A' nrs P L ) U ir) 



■ - yy 

+ sin cos -^-D V u <°> (A n "P fl + A'" rs P L ) 

(r) (n) 

+ cos ^- cos -i-flWvi ' (A" rs P fl - A lnrs P L ) U { 



» 



» 



,)f7 (r) ] + H.c. (118) 



2 2 u v 

n- (r) rv^ - (n) 

L S i n f±-D K (0) (A" rs Pfl - A'" rs P L ) 
Finally, the neutral currents mediated by the and scalars can be written as follows: 

C (n) (n) 

-^—H^ Y \ sin ^S- cos ^- ft^M^ ( A nrs + A'"") F« 



+f ( " ) M^ 0) (A" rs + A' nrs ) F^ 



/ (") (") N 

A nrs f cos 2 — ^— Pfl + sin 2 — |— -Pl 



/ («) («) \" 

_ A /„r S cog 2 ^I_p L + gin 2 jp M 

A— co^^-Pi + sin 2 ^-^ 



+i ( "Vf 
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» 



■A'"" cos 2 ^-P R + sin 2 ^-P L 



F 



(r) 



(119) 



C 



a(»)fWfw 



«0 



(n) (n) 



sin — — cos — - 



r) 



+F ( " ) M^- 0) (A" rs - A' nrs ) 7 5 F (r) 



» 



» 



A nrs cos 2 ^-P R - sin 2 



-A'" rs ( cos 2 ^-P L - sin 2 ^-P R 



(n) 



a 



(n) 



F (r) 



-(«) 
F M 



(0) 



(n) 

A"" ( cos 2 ^-P L - sin 2 %P /; 



(n) 

2 



/ («) (") N 

■A* c os 2 ^-P K -sin 2 ^|-P L 

r(0) 



F (r) 



(120) 



In the above expressions, the symbol Mp represents the diagonal SM fcrmionic mass matrix. 



3.5 Gauge boson— fermion couplings 

The couplings which we are interested in are induced by the Currents sector, discussed above. Once 
again, we will use f( n \ and to denote the mass eigenstatcs fields instead of f'^\ f^ n \ and 
f( n ). We first discuss the lepton sector, in which the couplings of the type are given by the 

following Lagrangians: 



C 



V2 



(«) 

^i°V4 0) + cos ^- (JVW 7 "£7(»)) 

.,(") 



Wf + +H.c, 



(121) 



where 



2c w 



N^^N^ + £ ( °V - 3 ^7 5 ) P (0) + AT(") 7 "AT(") 
Zee Z e £ \ / 



£•(«) £| 

Zee 
Z EE 
Z EE 



-An) 



EE ^EE 



Z (0) 



» 



COS 



2s' 



sin 



2 a e 



(n) 



2 s 2 



EE 



(n) n) 

sin — — cos — — 



(122) 

(123) 
(124) 
(125) 
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On the other hand, the electromagnetic current is given by 



-AMeWel") 



= -e ( £;(0) 7 P S (0) + E (n) u E {n) + ^ » E (n) \ MO) 



Notice that the SM couplings have been included. In this context, g v = — 1/2 + 2s^ and g e A 
The couplings of the type are given by: 



(126) 
-1/2. 



g 

V2 



(n) 

iVi n V4°)+cos^-(iViV^ ( 



+ 



n)\ 

2 V '• ' J 
14^ n)+ + H. c. , 



(127) 



2c w 



/ («) (") \ 

N?VnP + £ (0 V I (2 S 2 W - 1) cos ^i-P L - 2s 2 w sin ^i-P fl j P» 



» 



V [ (2^ - 1) sin ^-P L - 2.^ w cos ^-P K ] #») 



(n) 



4 n) +H.c, (128) 



£ A <„) 



A(n) e (0) e (n) 



» 



(n) 



E (0) 7 M f cog '±_p L + sin ^_p R E (n) 



/ («) («) \ 

+£«V cos + sin f«) 



AW + H. c. 



(129) 



We now turn to discuss the couplings of the SM gauge bosons (V (0) = G (0) , Z(°\ A^) with 

pairs of KK quark excitations. In the electroweak sector, the charged currents are given by the following 
Lagrangian 



V2 



(n) 



£>(") 
f)(n) 



Wj? )+ + H. c. , (130) 



where 



W, 



UD 



w, 



UD 



w, 



UD 



w, 



UD 



(n) (n) 

cos cos — — 

2 2 

(n) (n) 



sin — — sin — — , 

2 2 ' 

(n) (n) 



sin — — cos 

2 2 



Q 



sm — — cos — — 

2 2 



(131) 
(132) 
(133) 
(134) 
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As far as the neutral currents are concerned, they have the following structure 



where 



j-zf V (9v 9 u ai 5 ) u (Q) + £ ( V (g d v - gfo 5 ) 



+ (p {n) L> (n) ) 7^ 



z uu - 


(5- 


Z q - = 
uu 


G- 


Z q - = 
uu 


z? = 

(7(7 





Z q - 7 5 \ 




Z - 7 


79 J 

Z E/t/ / 




Z DD 


Z q - 7 5 ^ 

DD ' 


\ / 


Z q 7 5 






(n) 

2 


QuS^w sin 2 


(n) 

2 ' 


(n) 

a« 
2 


Qm s VF ^OS 


(n) 
On 

2 ' 



\ - Qucfy ) sin 



(n) (n) 



COS ■ 



(135) 



2 ' 



(136) 
(137) 
(138) 



Z DD 



z q - 

DD 



z q - 

DD 



1 \ a (n) 

- + Q d J cos 2 -|- + Q d s^ sin 2 -|- , 

1 \ a (n) a {n) 

- + Q d J sin 2 -|- + Q d s 2 w cos 2 -|- , 



(n) M 



cos — 
2 2 



In addition, g"y d = 1/2 — Q u ,dSw an d = 1/2- The electromagnetic current is given by 
C Amq{ n )qM =e J2 g,(^-"» ll)l -" l " , -"» l " , +»""-"» l " : 

g— u.d,... 

The couplings of quarks to SM gluons are also diagonal: 



£ G (o )q ( n)q ( n ) 



q—u,d,... 



(139) 
(140) 
(141) 

(142) 



On the other hand, the couplings of a SM quark with pairs of KK excitations gWyW (l/( n ) 
G («)a ; , , AW) can be written as follows: 



V2 



(n) 

sin ^|_p L + cos ) 



/ (n) (n) \ 

cos^-P L +sin^-P fl j £)W 

l d 

2 



W(")+ 
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» 



' a {n) a {n) \ , ^ 

cos^-P L+S in^-P K C/(") 



+ sin *L-P L + C0S ^P R \ U(« 



\+H.c. 



(144) 



— — S 

» 



14/ Vti 



[/(0) 7 M 

,(") 



+ ^sin + cos ^-P K j £W 

(1 \ / ( n ) ( n ) \ 

i + 4^ J P ( V I cos ^-P L + sin ^-P fl J DW 



/ («) («) \ 

+ sin ^-P L + cos D<' 



(145) 



cos^-P L +sin^-P fl [/<«) 



/ («) (") \ 

+ sin^-P L +cos^-P fl #<»> 



a 



(n) 



P L + sin ^-Pr ] P (,l) 



(n) 



COS ■ 



/ («) 

+ sin -2-P L + cos 



(") \ 

^-Pk J P (n) 



>4")+H.c. : 



(146) 



)q(0) q (n) 



cos ^-Pl + sin S^ Pr \uW 



( («) («) \ 

+ sin^-P L + cos^-P fl 



a 



(n) 



» 



cos P L + sin -*—Pr P (n) 



» 



sin ^-P L + cos ^-Pr ) D (n 



(n) 



.G(" )a + H.c. 



(147) 



We now turn to discuss those couplings that involve only KK excitations. The corresponding couplings 
in the lepton sector are given by 



r — y 



V2 



cos iV(™) 7 " (A" rs P L + A /n "P fl ) P^ 



+ sin ^— tfWy (A nrs P L - A' nrs P R ) P»] W/f )+ + H. c. , (148) 
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where; 



- e (n) e (a)z(r) — 



_9_ Z (r) 

2c w " 



+ ( £?W £ 



jy-Wy (A" rs P L + A /nr "P fl ) jyW 



(n) 



rynrs /yrirs 
EE EE 



r 



gnrs gnrs 
EE EE 



ynrs 
^EE 



cos 2 ^ (2^ - 1) A— + 2 



sin 



2 2 A/tirs 

— 



+ 



cos 2 ^ (2^ - 1) A'— + 2 sin 2 ^-<? w A n " 



(149) 



(150) 



ynrs 



sin 2 ^- (2^ - 1) A— + 2 cos 2 ^-s 2 w A 



2 o A/nra 



sin 2 ^ (2s 2 , - 1) A'— + 2 cos 2 ^-a 2 w A n " 



(151) 



with 



Z%£ = Z%' = sin 2i_ C os ^-{[(2^-1) A"" - 2^A'™ fl ] P L 
- [(2*^ - 1) A'"" - 2*^A""] P K } , 



Anrs Anrs 
EE EE 



EE EE 



£(•) 
£(•) 



Ajgjg = cos 2 -J-A nrs + sin 2 -i-A' nrs ) P L 



(152) 
(153) 



+ ( cos 2 ^-A ,n " + sin 2 ^_A nrs ] P R , 



AJj = I sin 2 ^1-A nrs + cos 2 ^_A'™ ] P L 



2 



4 TIT S 

EE 



a (s) a (s) 
A"™ = sin — cos — (A" rs - A' nrs ) . 

EE o o v ' 



ee —- 2 ~~~ 2 

As far as the quark sector is concerned, the charged currents can be written as follows 



.9 



[/(«) # (n) ) 



(154) 



(155) 
(156) 



WW+ + H.C, (157) 
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On the other hand, the neutral currents are given by 
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where 
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(s) (s 

x J^A nrs + cos 2 ^ 
2 2 

(«) («) 
^-A" rs +cos 2 — 



+ S in 2 ^i_A" rs + cos 2 ^_A'" rs I P fl , (168) 



AZy = A^i = \ sin 2 ^-A nrs + cos 2 ^-A ,nrs I P L 



+ ^cos 2 r^_A" rs + sin 2 A!a' ots J P r , (169) 

(«) («) 

A nrs = A nrs = ^nr. = ^nr. = gin CQS (A «r, _ A m rs) _ 



Finally, the couplings to the gluon are given by 



- 5 w,wcw 




r<(r)a 



(171) 



where 



I a (s) a {s) \ 

Q n q r q s = cos 2 if|_A»" + sin 2 ^_A'" rs P L 



+ ( sin 2 ^A»" +cos 2 ^A"" - j />,. . (I 72) 



/ a (s) a {s) \ 

Qf q s = sin 2 -JL-A nrs + cos 2 -i-A" 1 " P L 

( («) W \ 

+ cos 2 ^|_A" rs + sin 2 ^i-A'"" P K , (173) 

a (s) a (s) 

Q™ s = Qf q s = sin cos -|- (A" rs - A' nrs ) . (174) 



4 Summary 

In this paper, a comprehensive analysis of the SM in five dimensions, with the extra dimension com- 
pactified on the orbifold S 1 / 'Zi of radius R, was presented. The mass eingenstate fields were determined 
in both the fermionic and bosonic sectors. The KK zero modes, which coincide with the SM fields, are 
endowed with mass through the usual Higgs mechanism, whereas the masses of the KK excitations receive 
contributions from both the compactification and the Higgs mechanism. The masses of the fermionic KK 
excitations receive contributions from the Currents sector via compactification and also from the Yukawa 
sector through the Higgs mechanism. It occurs that there is a double multiplicity, and f^ n \ for 
each charged lepton and quark, which are mass degenerate, with mass given by to 2 ( „) = (^) + m 2 (0) . 
The zero modes of the neutrinos remain massless, for they are the well known SM left-handed neutri- 
nos, whereas their KK excitations arise in both types of helicities and have, therefore, a mass given by 
m„o>) = In contrast with the case of charged fermions, there are no partners of the i/") neutrinos, as 
there are no right-handed neutrinos in the four-dimensional theory. For each species of charged fermions, 
a mix between it and its partner arises, which is characterized by an angle given by tana^ = £ (0) . 
The SM gauge bosons receive their masses via the Higgs mechanism, whereas their KK excitations are 
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endowed with mass through the compactification and the Higgs mechanisms. While the mass contribu- 
tion produced by compactification is engendered in the Yang-Mills sector, that introduced by the Higgs 
mechanism comes from the Higgs kinetic term. These masses are given by m^ (n) = (-^) + TYi-iftQ\ , for 
V = W,Z, and m V ( n ) = (■%), for V = 7,5. On the other hand, the KK excitations of the Higgs doublet, 
$("), determine physical KK excitations, namely, the charged scalars, which have masses given by 

m H(^+ = m w<")+ j so they can be seen as KK excitations of the pseudo-Goldstone boson G^ (0) associated 
with the W^ ^ gauge boson. With respect to the down component of its real part, H^ n \ represents 
a KK excitation of the SM Higgs boson, H(°>, and has a mass given by m 2 HM = (^) + m 2 H{0) . The 
imaginary part of this component, A^ n \ represents a neutral CP-odd scalar with mass m A ( n ) = m Z („), 
which can be seen as a KK excitation of the pseudo-Goldstone boson G Z (o) associated with the Z^> gauge 
boson. It is important to stress that the mass terms induced by compactification are invariant under the 
SGT. This is the reason why the KK effects decouple from SM observables in the heavy mass limit. The 
one-loop renormalizability of standard Green's functions is implicit in this. It is worth commenting that 
the couplings of the SM gauge fields to pairs of fermions /(")/(") or /(")/(") are vector-like, but the 
couplings involving flavor violating pairs /(")/(") are purely axial (7^75). This is true for charged and 

neutral currents mediated by wf?^ and zj?\ respectively. Similarly, scalar and pseudoscalar neutral 
currents are mediated by the Higgs boson. However, charged currents mediated by KK excitations 
Wji 1 ^ have a general V — A structure. A similar behavior is observed for neutral currents mediated 
by KK excitations zjP^ and Charged and neutral currents mediated by the H^^, H^ n \ and 

j4.(") scalar KK excitations also present a general scalar-pseudo scalar structure. Concerning the issue of 
quantization, a quantum action was defined by using the field-antifield formalism, in which the BRST 
symmetry arises naturally. Two gauge-fixing procedures that allowed us to remove the degeneration 
associated with the SGT and the NSGT were introduced. Since the SGT and the NSGT do not mix 
the zero modes and the KK excitations of the gauge parameters, such gauge-fixing procedures can be 
implemented independently of each other. So, for the SGT associated with the color group we introduced 
a conventional linear i?^-gauge, whereas in the case of the local NSGT, to which are subject the KK gluon 
excitations, we defined a i?^-gauge scheme that is covariant under the SGT of SUc(3). As far as the 
gauge electroweak sector is concerned, the degeneration associated with the SGT of the electroweak group 
was removed by introducing a R^-g&uge procedure that is covariant under the electromagnetic group. 
On the other hand, to remove the degeneration associated with the NSGT we introduced gauge-fixing 
functions that transform covariantly under the SGT of the SUl(2) x Uy(l) group. The corresponding 
Faddeev-Popov ghost terms were expressed in terms of derivatives of the gauge-fixing functions, from 
which explicit Feynman rules can be derived. 

Appendix A The boson masses 

The mass term for the gauge fields is given by 



n=0 



+ 



where 

1 /n\2 



\, (175) 
AfW = i gj'j + MC), (176) 
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with / representing the 2x2 identity matrix and 



g 2 -99' 



M(°> = M . (177) 



-99' 9 n 



The M^> matrix is diagonalized by the well-known orthogonal matrix 

(c w % \ 
(178) 
-% cw j 

where sw and cw stand for the sine and cosine of the weak angle, given by tanOw = 9' 1 9- The mass 
eigenstate fields and their corresponding masses are given by 

WjT )+ = ^= (W^ 1 iW™ 2 ) , n = 0, 1, ■ ■ ■ , (179) 

= -^(wW+iWW) , n = 0,l,..- ) (180) 

2 / n \ 2 2 

"Vw = ^— J +m w(0 ) , n = 0, , (181) 



4 n) = cwW^ 3 - awBW , n = 0, 1, ■ ■ ■ , (182) 
4") = s^Wl^W n = 0,V-, (183) 



"*!(») = (^) +m| (0) , n = 0,l,---, (184) 



m 2 ( „, = , n = 0,l,--- , (185) 

where m^y(o) and m Z (o) are the SM masses for the and Z gauge bosons, respectively. 

Concerning the mass spectrum of the scalar fields, the up components of the Higgs doublets 
denoted by ^") ± , mix with the charged fields W^ n)± = ± (V 5 (n)1 T iW^ n)2 ^j as follows: 



^mass 



= - (<t> {n) - M n) ~) ( 

\ —ir 



(f) 2 im wm (f 




= -m 2 w(n) H^~H^+, n = l,2,--. , (186) 

where the physical fields _ff ("^ and the pseudo-Goldstone bosons G^ (n) are related to the original gauge 
eigenstates through the following unitary transformation 



(187) 



with the angle a given by 



tana = ^. (188) 
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The pseudo-Goldstone bosons associated with the standard gauge fields W^ ^ and are, respectively, 
the up component of <&W and the imaginary part of the down component of $(°); 



$(°) = 



V 



v+H { 



%/5 



(189) 



(n)3 R (n) 
5 1 



where -ff is the SM Higgs boson. On the other hand, the mass terms for the neutral fields , B 

H^ n \ and <j) j , being the latter two fields the real and imaginary parts of the down component of the 
doublet, can be written as 



(3) 

-m zm (g) 



-m x(0 ) (g) 



(n)3 



(190) 



where we have carried out the following rotation 



/ 



V 



(n)3 



D 



(n) 




(191) 



In the above expression, G A ( n ) is the pseudo Goldstone boson associated with the gauge boson . In 
addition, the masses of the KK excitations of flw are given by 



<-HW 



f n \ 2 

(r) +m ^°" 



(192) 



where m H (oi is the SM Higgs mass. The above mass matrix can be diagonalized through the following 
orthogonal rotation 



/ 



f/(n)3 




(193) 



where G^eo is the pseudo-Goldstone boson associated with the gauge KK mode Zj?' and represents 



a physical pseudoscalar field with mass given by m^(n) = m Z (n) . In addition, 

%(0) 



Notice that 



tan (3 = 



tana 



tan/3 



,RJ 



C W ■ 



(194) 
(195) 



Appendix B Definitions in the Currents sector 



The covariant objects appearing in Eq. (|76j) are given by 



(0) 
L 



Y 



{n) 



(196) 
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and 



-A nrs [ig s ^-G^ a + ig^W™ + ig'jB^ , (197) 
(D„F)M = 4")F^-A'«-^ s ^G|r)« + i .g^<^ + z ff '|4'-))F^, (198) 



(Dr,F)M = (ig^G^+ig^w^ + ig'^B^F^, (199. 



^^n) = « ^(n) _ A , nrs + ig ^ w (r)i + j£) , ( , ()()) 



, = _ » jrW - ( ig^G^ + ig^W^ + ig'^B^ ) F<°> 



-V" (i^Gf" • »/yU:" • )// • (201) 



-A"" (%yG«» + ^'|4 r) ) 4 S) > (203) 
= D^f^-A'^^g^G^+ig'^B^f^, (204) 



In the above expressions, an appropriate application of the covariant derivative is assumed. For example, 
4 0) ek 0) = (d, - ig'B^Y/2)ef, but = (0„ ig.Gp»*/2 - irf Y/2)4°>. 
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Appendix C The fermion masses 

As commented in Sec. II, the masses of the fermions emerge from both the Yukawa and the Currents 
sectors. The corresponding Lagrangian is given by 



e { + a**<5M) *r + 
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+A Mflfc (<&><&> + *$°> } + E { (£) fe^ + ^ 

a=l ^ 
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;(«) 
'oi 



In the flavor space, this Lagrangian can be written as follows: 



= E^K e Ef + E^AeE™ + E^A e E^ 
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+ (£) (^C/(«) + ^)[/H) + h.c. 
where A e ^, u = ^Ae,<j lU are matrices in the flavor space. Additionally, 
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The mass eigenstates of the zero modes are determined by means of the standard unitary transfor- 
mations 



AT 
E 
D 



1(0) 
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L,R 
'(0) 
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'(0) 
L,R 
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(213) 
(214) 

(215) 
(216) 



Notice that, as it is usual, the left-handed neutrinos are rotated in the same way than the left-handed 
charged leptons. Regarding the excited KK modes, we impose the following transformations 
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(217) 
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We also demand that the neutrino excitations transform as the corresponding charged lepton excitations: 



N 



/(«) 

L,R 



(220) 



Once carried out these transformations, one obtains 
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mass ^mass 
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^mass i 
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where 
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In the above expressions, M e (0) = diag(m e (o) , m^fo) , m T (o>), etc. In addition, 
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where f a stands for a charged lepton or quark. The mass eigenstates associated with the KK modes, 
which we will denote by f a and /„, are given by the following unitary transformations 



J aL 

\ f'(") 
\ JaL 



= V L 



( fin) 
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\ J aL 



( f'{n) 
JaR 



JaR, 
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Vr 



The f a and f a states are degenerate, with mass given by 
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